Abstract-The complex mode-matching method is applied to simulation of optical waveguide structures with intersecting structures such as crossings and corners. It is demonstrated that field propagating along the direction perpendicular to the incident waveguide can be represented adequately by the complex modes defined in the incident waveguide and, therefore, can be simulated accurately by the complex mode-matching method. Power conservation is illustrated by way of examples to prove the self-consistency of the complex mode-matching method. Radiation field perpendicular to the incident waveguide axis in waveguide crossings and corners is simulated by this method and validated by the finite-difference time-domain method.
shown to yield results in good agreement with the rigorous FDTD method. On the other hand, however, the application of the modes in the individual interacting waveguides in isolation to represent the total field in the interacting waveguides, though quite intuitive and insightful, not only results in complicated mathematical formulations but also leads to questions as to the degree of accuracy and convergence of the results against the key parameters of the mode expansion.
In this paper, we attempt a much simpler and more straightforward approach: instead of using the modes of the individual intersecting waveguides, we use the complex modes only in the incident waveguide to represent the fields in the intersecting region. As such, the mode-matching method is established along the waveguide axis of the incident waveguide and hence the same as the conventional bidirectional formulation [8] - [11] . In this model, the field propagating along the waveguide perpendicular to the incident waveguide is represented by the highorder complex modes in the incident waveguide, and therefore, it is of great interest to find out if such representation is still adequate or even valid. Furthermore, we can perform necessary overlapping integral of the complex fields from the modematching method with the guided mode of the perpendicular waveguide to assess the accuracy as well as the convergence of the results against key model parameters such as the number of complex modes, the perfect matched layer (PML) boundary conditions, etc. This paper is organized as follows: Section II discusses by way of examples the complex power conservation considering wave propagation along directions parallel and perpendicular to the incident waveguide. This exercise is useful to establish the self-consistency of the complex modes in the waveguide model, which consists of a finite computation domain, closed by the perfect reflection boundary condition (PRB) and sandwiched by the PML. Section III briefly describes the complex mode-matching method (CMMM) as it applies to the waveguide crossings, T-junctions, and corners. The simulation results of a 2-D waveguide structures are presented and discussed in Section IV, in which the convergences of the results against the number of complex modes and the PML parameters are discussed in great detail. The simulation results are also compared with the FDTD method and shown to be in excellent agreement across a wide spectral range.
II. BOX POWER CONSERVATION OF CMMM
The geometries of a hollow waveguide and a three-layer dielectric waveguide structure have been shown in Figs. 1 and 2, respectively. We define as the power flowing along within waveguide region;
, and as the power flowing along just below and above the interface of PML, respectively. The analytical expressions for propagation constants in the hollow waveguide (see Fig. 1 ) in both TE and TM polarization cases are [11] (1) where is the vacuum wave vector and is the complex thickness of PML. The transverse wave vector for the th odd mode is expressed as [11] (2)
We define [10] - [13] (3)
where the PML coefficient is expressed as [10] - [13] (
where and are the index and real thickness of the PML layer, respectively, is the wavelength, and is the distance between the starting position of PML and an arbitrary sampled point in PML. The analytical field patterns for the th odd mode for TE polarization is [11] (5) and the modal field patterns for odd TM polarization are [11] (6) We write the complex propagation constant and transverse wave vector as
Following the dispersion relation , we obtain
Utilizing the analytical solutions from [11] , we have
where is the frequency of light and is the waveguide length along . Since
we obtain (14) Now, the power conservation of CMMM in the hollow waveguide for TE case has been proved; similarly, we can prove that the relation is held for TM case.
For dielectric waveguide, we did not provide the analytical proof as the integral along is much more complicated. Instead, we calculated the power flow in each direction numerically. The mode profile and the effective indexes are obtained using finite difference scheme [14] with mesh size as 20 nm. A complex mode is launched along the three-layer waveguide in Fig. 2 with normalized power. Fig. 3(a) and (b) describes the convergence of effective index of this complex mode with reference to in TE and TM cases, respectively. From the numerical results of Fig. 4 , it is shown that the power is conserved.
III. APPLICATION OF CMMM IN WAVEGUIDE INTERCONNECTS
We follow the examples of [5] and consider the waveguide interconnects shown in Fig. 5 . The index of the core is 3.2 and the background index is 1.0. The fundamental mode is launched from the left horizontal port (along in Fig. 5 ) with the electric field polarization perpendicular to the plane. In the implement of CMMM, we regard the three waveguide intersections as sequences of three waveguides noted with A, B, and C, respectively, along . We define and as the amplitudes of the forward and backward propagating th mode in waveguide A, respectively. Furthermore, we express and as
and can be defined in a similar way. The mode profiles in waveguide A and C can be related as (17) where , and represent the transfer matrices at waveguide A-B junction, within waveguide B, and at waveguide B-C junction, respectively [8] - [10] .
is a zero column now that there is no backward going wave in waveguide C. , and modal pattern of the guided mode supported by the vertical port (along in Fig. 6 ), noted as . With small enough, the reflected wave from PML is quite weak. Consequently, is expressed in terms of as (18) The overlap integral between the vertically outgoing radiating wave and the th guided modal pattern of the vertical port is demonstrated in (19) (19) 
IV. SIMULATION OF WAVEGUIDE INTERSECTIONS
With the knowledge of the power conservation of CMMM, the vertical power flow is easily acquired. In order to define the computation parameters of the waveguide interconnects shown in Fig. 5 , we do the convergence test with reference to the size of computation window (the distance of PRBs above and below), the number of modes applied, and for the waveguide crossing, T-junction, and corner in Figs. 7-9 , respectively, at the wavelength of 1.55 m. The mesh size is 20 nm and is 0.2 m. The guided crosstalk of waveguide crossing is defined as the power going into the waveguide of width and carried by its guided modes. The larger computation window will cause smaller waveguide mode spacing. Thus, the large enough computation window and number of modes considered will make the combination of complex modes represent the continuous radiation field well enough and then convergences happen. Smaller enhances PML's absorption of vertically propagating power; consequently, the horizontal waveguide transmission will decrease with and eventually converges. We further investigate the guided transmission and crosstalk spectra in cross waveguide, and the guided reflection and transmission spectra in T-junction and waveguide corner with CMMM (see Fig. 10 ), and they agree well with the results from FDTD in [5] . The computation window size is 14.2 m; 120 modes are considered and is . We further calculate the electric field amplitude pattern in waveguide interconnects at the wavelength of 1.55 m (see Fig. 11 ), which holds good coincidence with those of [5] .
We further increase the background index at the wavelength of 1.55 m and validate the results with FDTD (see Fig. 12 ).
is 0.2 m. With the background and fiber index as 1 and 3.2, respectively, we increase and validate the simulation with FDTD (see Fig. 13 ).
V. CONCLUSION
We prove the power conservation, therefore the self-consistence of CMMM. With CMMM, we simulate the waveguide crossing, T-junction, and corner. The obtained spectra over a wide range coincide with those of FDTD. With the waveguide core dimension and the index contrast varying, the accuracies of CMMM are further held. The consistencies of field patterns obtained from CMMM and FDTD are also validated. Consequently, we can arrive at the conclusion that CMMM is capable of simulating the couplings of radiation wave perpendicular to the waveguide axis.
